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ABSTRACT In an earlier paper it was shown that linguis-
tic families of languages spoken by a set of 38 populations
associate rather strongly with an evolutionary tree of the same
populations derived from genetic data. While the correlation
was clearly high, there was no evaluation of statistical signif-
icance; no such test was available at the time. This gap has now
been filled by adapting to this aim a procedure based on the
consistency index, and the level of significance is found to be
much stronger than 10-3. Possible reasons for coevolution of
strictly genetic characters and the strictly cultural linguistic
system are discussed briefly. Results of this global analysis are
compared with those obtained in independent local analyses.

In chapter 14 of Origin of Species, Darwin predicted that if
one could reconstruct the tree ofhuman evolution one would
have the best classification of human languages. One and a
half centuries after that prophecy, we still do not have an
evolutionary tree for languages. In fact, linguists do not agree
upon whether there was a single origin for human languages.
Honoring a tradition that goes back to a formal decision
against research on the origin of language, made by the
Linguistic Society of Paris in 1866, many linguists avoid the
issue. The alleged difficulty is that the rate of linguistic
change is so high and the origin of human language so remote
that very little, if anything, is still shared by languages that
diverged long ago. Recently, however, some linguists (ref. 1;
M. Ruhlen, personal communication) have found common-
alities among many living languages that indicate possible
avenues of attack on the problem of a single origin of
languages.

In an earlier paper (3) it was shown that an evolutionary
tree of a set of human populations representing the whole
world, reconstructed entirely from genetic data, was suffi-
ciently similar to a linguistic classification to suggest coev-
olution of languages and genes. There is a rationale for
expecting coevolution: events responsible for genetic differ-
entiation are very likely to determine linguistic diversification
as well. For instance, the physical separation of two or more
populations occurring after fission of an initially single pop-
ulation, with migration of one or more splinters to remote
geographic areas, is likely to reduce or eliminate further
contacts among them. Because such reduced contact con-
tributes to both genetic and linguistic divergence between the
splinter populations, both types of divergence tend to in-
crease with the passing of time. To the extent that an
evolutionary tree reflects the history of separations in time,
the linguistic and genetic evolutionary trees must be parallel.
Complete separation is unnecessary for linguistic and genetic
differentiation. It is well known that geographic distance
between populations is a good predictor of decreasing inter-
migration and, therefore, also of increasing genetic diversity
(4-8). The same is largely true of linguistic diversity (9, 10).
The considerations above predict that a correlation be-

tween genetic and linguistic evolution should exist, but its

strength will depend on the nature of mechanisms of trans-
mission from generation to generation in the two phenomena.
Genes are clearly transmitted from parents to offspring,
without exception. The transmission oflanguages is less clear
cut, but in many societies parents, and especially the mother,
play a dominant role. Languages, however, can be learned at
all ages, even if learning may be imperfect at later ages,
especially after puberty. Therefore, transmitters other than
parents-from age peers to school teachers and, in very
recent times, mass media-also have an influence. These
types of cultural transmission, called horizontal, complement
the vertical one (from parents to offspring) (11). They play a
major role in modern society, whereas in traditional tribal
societies they are likely to be of lesser importance (12).
Horizontal transmission of language may even determine
total or near total replacement of a language, usually by that
of foreign conquerors. History records several examples of
language replacements. In Europe, the replacement of Celtic
languages by Latin in the territories ofthe Roman Empire and
of Latin by Anglo-Saxon in England are well documented.
Colonialism led to the spread of four European languages
(English, French, Spanish, and Portuguese) to all or almost
all continents.
Language replacement can thus reduce and in certain areas

completely eliminate linguistic and genetic correlation. Gene
replacement may have the same effect, especially when gene
flow into a population from a neighboring one continues for
many generations, without replacement of language. An
imperfect correlation between genetics and language is there-
fore expected. Observations to be discussed in this paper
show that even if the observed correlations are imperfect,
they are frequently high.

In the case of the correlation observed in the earlier paper,
no significance test was available, and none was given: the
results seemed to speak for themselves (3). Nevertheless, it
is preferable, and customary when possible, to test the
statistical significance of conclusions. The aim of this paper
is to test, using a Monte Carlo approach, whether the
observed correlation between genetic and linguistic evolu-
tionary history is significantly different from zero.

Comparison of Linguistic Families and Genetic Tree of
Human Evolution

A genetic tree based on 42 populations was published earlier
(3), and a similar one is reproduced here in Fig. 1 with trivial
modifications. In both the original tree and the present one,
only 38 populations are listed: all 5 European populations
used for the original 42 populations distance matrix were so
genetically similar, at the scale of distances used, that they
were pooled into one.
As mentioned previously, there is no comprehensive lin-

guistic tree. There are, however, various groupings into
linguistic families or phyla, which number 17 in the most
recent and complete classification (13, 14). One of these
linguistic families, Amerind, was recently proposed by

Abbreviation: CI, consistency index.
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FIG. 1. A simplified version of the tree shown in ref. 1; only the
topology of the genetic tree is retained (i.e., the branch lengths do not
signify time since separation). The Eurasiatic and Nostratic family
groupings are indicated, respectively, by open and filled circles.

Greenberg (1), who used a procedure known as multilateral
comparison. His conclusions have been disputed by a group
of American linguists who strongly object to clustering all but
Eskimo and Na-Dene American languages into a small num-
ber of families (1, 14). They follow an entirely different
approach, usually comparing no more than two languages at
a time and deciding whether the two languages are related or
unrelated, without indicating the degree of relationship. This
approach is probably the reason (1) why they are unable to
classify American Indian languages into fewer than 58 or 60
families (15), a very large number in comparison with the rest
of the world. Further comments and references to this
controversy can be found in ref. 14.
One of Ruhlen's 17 families, Caucasian, is now considered

to consist oftwo distinct taxa: (North) Caucasian and Kartve-
lian (14). Neither group is sufficiently represented by genetic
data to be included in Fig. 1. There are thus 16 linguistic
families in Fig. 1 of this paper. In the original figure, there
were also two overlapping groupings, which cluster a number
of these 16 families, providing the starting point for a tree of

linguistic evolution. These groupings are ignored in the first
step of the present analysis, in which we limit our attention
to the association observed between the 17 linguistic groups
(16 families and an African Pygmy population that is believed
to speak a borrowed language, their original one having been
replaced) and the genetic classification of the 38 populations
suggested by the tree. The linguistic families spoken by the
38 populations are indicated in Fig. 1. It is clear from
inspection of Fig. 1 that populations speaking languages from
the same family tend to be genetically related, suggesting that
there is a strong correlation. There are, however, some
exceptions; Berbers and the great majority of Ethiopians, for
example, speak languages from the same family (Afro-
Asiatic), but associate with two different genetic clusters
(Berbers with Caucasoids and Ethiopians with Africans). A
list of exceptions was given in the earlier paper (3). The
question ofwhether a specific exception is due to language or
gene replacement (or both) can sometimes be addressed (see
examples in ref. 16), but, in general, historical information is
necessary for a satisfactory solution.
One can assess the degree of an association between

linguistic and genetic evolution by comparing the linguistic
classification of the 38 populations with their genetic tree
using the consistency index (CI). In the present application,
the index estimates the number of changes that must be
postulated during the evolutionary process, assuming the
genetic tree is entirely correct, to obtain the observed dis-
tribution of 16 linguistic families among the 37 populations.
The CI was proposed by Kluge and Farris (17) and is defined
as the ratio between the number of states of a character and
the number of changes of state of that character in the tree
being examined.
Use of the CI as a test of coevolution, however, requires

statistical support. A study by Archie (18), with the goal of
determining "if sets of data used for phylogenetic analysis
contain phylogenetically non-random information," indi-
cates important weaknesses. Archie analyzed 28 published
data sets on 5-44 taxa with 9-92 quantitative morphological
or qualitative multistate characters. For each data set he
found the minimum length tree (i.e., the one requiring the
smallest number of character changes) and used it to calcu-
late the CI. These values were then compared with estimates
of the corresponding chance values derived from a large
number of Monte Carlo permutation experiments. Archie
found that the CI is very sensitive to the number of popula-
tions, decreasing on average with increasing numbers of taxa
(see also refs. 19 and 20). The index alone, therefore, is a poor
test of a phylogenetic hypothesis.
The CI was first applied to our data by O'Grady et al. (21)

(see also ref. 22). They concluded that "only 48% [the CI
value they calculated] of the race-language association sup-
ports a conclusion of development and retention of a lan-
guage within a racial lineage." Since, however, the CI is
poorly suited as a direct estimate ofthe degree of association,
we suggested that it might at least be employed in a signifi-
cance test of the association (23).
The same permutation procedure that Archie used to

obtain the expected value of the CI can be extended to
generate the entire random distribution of CI values. One can
then test whether a particular observed CI value is greater
than it would be by chance alone, in the absence of a
correlation between a particular multistate character (the
linguistic family) and a given evolutionary tree of a group of
populations. We have applied the procedure to 10 subsets of
our data. The first (data set I) consists of 38 populations or
taxa and 17 character states (16 linguistic families and an
African Pygmy population that does not speak its original
language), derived from the tree in ref. 1 and also shown in
figure 2 of ref. 22. The second (data set II) consists of 30
populations and 9 linguistic families, in which the autapo-
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morphic (those characterized by a unique linguistic group)
populations of data set I were omitted. The other eight data
sets are discussed in the following section. The MIX program
of the PHYLIP package (24) determined the length ofeach tree
(i.e., the minimum number of character state changes). This
value served as the denominator of the CI ratio; the numer-
ator was the number of language groups (17 or 9). The
resulting CI values were 0.594 for data set I and 0.474 for data
set II.
We ran 10,000 replications of these analyses, using the

original genetic tree but randomly permuting the character
states (linguistic families) to estimate the chance level CI. The
mean CI of these random replications was 0.454 for data set
I and 0.309 for data set II, with standard deviations of 0.0191
and 0.0180, respectively. The observed genetic-linguistic CI
values of 0.594 and 0.474 are thus 7.33 and 9.15 standard
deviations, respectively, above the chance level means of
0.454 and 0.309, indicating a consistency that is greater than
chance in both data sets at a very high significance level. If
the distributions of random CI values were normal, the
probabilities corresponding to these deviations would be of
order 10-13 and 10-20. Although these significance estimates
are probably unacceptable because the distributions are
unlikely to be normal, as suggested by Fig. 2, in which the two
distributions are shown, none of the 10,000 random permu-
tations gave a CI as high as the observed indices: the
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FIG. 2. Distribution of 10,000 random values ofCI measuring the
congruence of the linguistic families of 38 populations and their
genetic tree (data set I) and the same populations after eliminating the
8 autapomorphic ones (data set II). In both cases, the observed CI
is well above the range of random CIs.

probability of a random value as high as or higher than the
observed one is most likely to be <10-4 for both data sets. We
must conclude therefore that there is a very highly significant
correlation between genetic evolution and linguistic evolu-
tion, based on the previously published tree.

Introducing Linguistic Family Groupings in the
Evolutionary Analysis

Recent attempts at recognizing relationships between fami-
lies of languages spoken in Europe, Asia, and Africa have led
to the generation of linguistic family groupings. Two in
particular are noteworthy: the Eurasiatic (ref. 13, p. 260) and
the Nostratic groupings (ref. 13, p. 259). They are shown in
Fig. 1, extreme right and share a common core of families:
Indo-European, Uralic, and Altaic. Other families are added
to the common core in each of the two groupings, undoubt-
edly because of differences in the criteria employed: multi-
lateral comparison in the first case and the comparison of
"protolanguages" (hypothetical ancestral languages recon-
structed from modem ones) in the second. Protolanguages
have been worked out for some linguistic families but not for
others, limiting the comparability of the two family group-
ings. This may be one reason for the discrepancy between the
two classifications. It is also likely, however, that Eurasiatic
includes families with a slightly smaller degree of divergence
than Nostratic (ref. 13, p. 259).
The disagreement between the two classifications is thus

not substantial, so it is reasonable to consider pooling them
in a larger Eurasiatic-Nostratic family grouping, which in-
cludes all the families found in either. We have extended the
analysis by testing the significance of the observed CI value
in four situations, labeled E, N, EN, and ENA in Table 1.
These correspond to tests of the genetic tree versus linguistic
classifications in which the Eurasiatic family grouping, the
Nostratic family grouping, the union of Eurasiatic and Nos-
tratic, and the union of Eurasiatic, Nostratic, and Amerind
replace the individual families forming them. In each of the
four situations we have tested two data sets, including or
excluding autapomorphic populations, as in data sets I and II
above, where all linguistic families were tested. One thou-
sand permutations were tested in each case. The descriptions
and results of the eight data sets are given in Table 1. It is
clear that the correlation of linguistic and genetic data is very
highly significant in all cases. Thus the partial evolutionary
trees of languages formed by these family groupings are also
in very good agreement with the genetic tree.

Global and Local Studies of Genetic and Linguistic
Coevolution

Our global study demonstrates that the association between
linguistic families and the genetic history of humans is far
from random, and the significance test introduced here
confirms our previous conclusions. In the introduction we
discussed why such association is to be expected. One may
also compare this result with those from regional compari-
sons of languages and populations.

Results of these local studies vary considerably. Most are
based on relatively few languages and populations within
restricted regions. In a survey of 15 studies (which did not
include ours), 6 were found to be significantly in favor of an
association (table 1 in ref. 25; we count as significant the case
of Sardinia, not so given in the table). We can also include two
comparisons for South America (16) and China (2) briefly
described in the last part of this section; the first of these is
negative and the second is positive and highly significant. The
total number of studies is thus 17, 7 ofwhich are significantly
in favor ofthe correlation. This is a positive verdict, since less
than one study (0.05 x 17 = 0.85) would be expected to be
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Table 1. Deviation between observed CI among genetic tree and
linguistic families, or phyla, and the expected CI on the
hypothesis of no correlation between them

CI SDs

Data set P G Observed Expected SD diff.
El 38 13 0.520 0.3739 0.0230 6.35
E2 32 7 0.412 0.2534 0.0229 6.93
Ni 38 13 0.591 0.3865 0.0313 6.53
N2 31 6 0.462 0.2364 0.0284 7.94
EN1 38 11 0.579 0.3433 0.0383 6.15
EN2 33 6 0.462 0.2372 0.0331 6.79
ENAl 38 10 0.556 0.3367 0.0424 5.17
ENA2 33 5 0.455 0.2368 0.0534 4.09
The following eight comparisons were made. In El, the Indo-

European, Uralic, Altaic, Eskimo-Aleut, and Chukchi-Kamchatkan
families have been replaced by the Eurasiatic family grouping. In E2,
Eurasiatic is as above, and six autapomorphic populations are
removed (Mbuti, Nilosaharan, San, Southeast Indian, Northwest
Amerind, and Australian). In Ni, the Afro-Asiatic, Indo-European,
Dravidian, Uralic, and Altaic have been replaced by the Nostratic
family grouping. In N2, Nostratic is as above, and seven autapo-
morphic populations are removed (Mbuti, Nilosaharan, San, Es-
kimo, Chukchi, Northwest Amerind, and Australian). In EN1, all
families found in the Eurasiatic and in the Nostratic group appear as
a single family grouping. In EN2, five autapomorphic populations are
removed (Mbuti, Nilosaharan, San, Northwest Amerind, and Aus-
tralian). In ENA1, the Amerind language group is joined to the EN
family grouping. In ENA2, five autapomorphic populations are
removed (Mbuti, Nilosaharan, San, Northwest Amerind, and Aus-
tralian). One thousand random permutations ofthe linguistic families
were generated for each analysis, and the CI was calculated for each
permutation. The first two numerical columns show the number of
populations (P) in the tree and the number of linguistic groups (G) in
the classification to which it is compared.The third column gives the
observed CI; the fourth, the expected CI in the absence ofcorrelation
(the mean of the CIs of the 1000 randomly permuted classifications);
the fifth, their standard deviation; and the last column, the deviation
between observed and expected CI expressed as a multiple of the
standard deviation (SDs diff.).

significant by chance out of 17 at a significance level of 5%.
Seven significant studies, when less than one is expected, is
extremely unlikely (3 x 10-5) to be a chance result. There are,
however, some sources ofuncertainty in the majority ofthese
studies, as discussed below.

It is unfortunate that most investigations of coevolution
have employed linear correlation coefficients between some
form ofgenetic distance and some form of linguistic distance.
The particular form of genetic distance employed is not
important. Measurements of genetic distance are numerous,
but results are highly correlated even if their formulas are
superficially very different (26). Two basic types of linguistic
distance have been used: the frequency of shared cognates
(its logarithm, with the sign changed, would be preferable)
and the separation in a classification tree as measured by the
number oftiers between the two languages and their common
ancestor. The former method is reasonably accurate, espe-
cially if based on the standard Swadesh list of words, but the
second is unlikely to give a precise distance or a time of
separation. The rate of branching in an evolutionary tree of
languages depends on their local birth and death rate, as new
ones are born and old ones become extinct. Even if this rate
were constant, the number of branchings would be subject to
considerable stochastic fluctuations. But the rate of branch-
ing is very unlikely to be constant. As an extreme example,
in the lineage eventually generating Bantu languages in the
Niger-Kordofanian family, there are 17 nodes from the root
to the most distant Bantu language, while all other branches
are much shorter. The length of the Bantu lineage in terms of
number of branchings reflects the success of the agricultural
developments preceding the Bantu expansion and terminat-

ing with it and is a poor indicator of linguistic distance from
the top to the bottom of the branch leading to Bantu lan-
guages. Tests listed in ref. 25 using as linguistic distance the
number of separations in the linguistic evolutionary tree gave
correlation coefficients not significantly different from zero.
In part, this was also due to the fact that these investigations
used very few languages, and correlation coefficients with a
small number of observation pairs are unlikely to be signif-
icant given that the threshold for significance is very high.
There are other, more subtle drawbacks to the use of a

linear correlation between a genetic distance and a linguistic
distance. There is a serious problem in testing the signifi-
cance ofsuch correlations, because an observation from each
ofthe n locations generates n - 1 pairs ofcomparisons (where
n is the number of locations) with all the other locations. This
generates an autocorrelation between pairs, which makes it
unwise to use standard significance tests of these correlation
coefficients. A solution is through Mantel tests (27), which
were applied in only one of the cases listed in ref. 25. A
possible further consideration is the need to correct for the
effect ofgeographic distance, which is usually correlated with
both genetics and language. It is unclear, however, whether
this is truly necessary, as geography is part ofthe mechanism.
Moreover, geography is not always strictly correlated with
both genetics and languages, especially if tribes move
around; in at least two cases, which are among the more
complete studies (Chibchan languages in Central America
and Han languages in China), geography has only a second-
order effect.
At least two studies show very clearly that linear correla-

tions of genetic and linguistic distances are misleading.
Spuhler found a negative linear correlation between genetic
and linguistic distance in North America, but was able to
show the existence of coevolution by more subtle statistical
techniques: (i) the variance ofgenetic distances among tribes
belonging to the same linguistic family was significantly
smaller than the overall variance, and (ii) discriminant anal-
ysis of genetic similarities between tribes allowed classifica-
tion ofa substantial proportion of tribes correctly in the same
linguistic family (28). In another study Minch, Ruhlen, and
Cavalli-Sforza (unpublished results) found a very weak pos-
itive correlation (r = 0.191) between genetic distance and
geographic distance in South America and similarly weak
negative correlations (-0.139 and -0.212) between linguistic
and both genetic and geographic distance. South America has
the highest intracontinental genetic variation, undoubtedly
because of extreme drift (16). South America also has an
exceptional geographic and ecological structure: the western
part of the continent is formed by the Andes, and the eastern
part is flat and shaped by a few independent, major river
basins. The Andean region is relatively homogeneous genet-
ically and quite different from the eastern region. Although
the greatest geographic distances are between the northern
and southern Andes, these have slightly less genetic and
linguistic divergence than one finds between the eastern and
western regions, which may explain the negative correla-
tions.
These regional studies of genetic-linguistic correlation

strengthen the case for coevolution of genes and languages,
despite their use ofinappropriate measures ofassociation. An
alternative to the linear correlation would be the direct
comparison of trees, if possible. The solution we have
introduced here may be useful in other applications when, as
in our examples, one of the two descriptions is a multistate
character and the other is a tree. We have compared the trees
of Chinese languages and Chinese surnames reconstructed in
the same 10 Chinese provinces (2). Surnames are highly
correlated with genes here as elsewhere (10, 29, 30) and one
can consider the tree of Han surnames as a good approxi-
mation of the genetic tree. Although the surname and lin-

Evolution: Cavalli-Sforza et al.



5624 Evolution: Cavalli-Sforza et al.

guistic trees of Chinese Han were not identical, their topol-
ogies were so similar that they could be made equivalent by
exchanging only two adjacent nodes out of nine, a result that
would be extremely unlikely by chance unless the two trees
were highly congruent.

We wish to express our gratitude to W. S. Wang for stimulating us
to write this paper. Many thanks also to M. Feldman and M. Ruhlen
for their comments and critical review. This work was funded in part
by National Institutes of Health Grant GM 20467.
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